Based on the thermo-mechanical controlled process, the effects of Si on microstructural evolution, tensile properties, impact toughness, and stretch-flangeability of ferrite and bainite dual-phase (FBDP) steels were systematically investigated. The addition of Si from 0 to 0.95 % promoted the formation of fine and equiaxed ferrite grains, and high Si (0.95 %) also resulted in the formation of blocky martensite islands and retained austenite. Yield and tensile strengths, and uniform and total elongations all increased with increasing Si content. Therefore, the tensile strength and ductility balance was improved by Si addition due to the increasing strain-hardening rate. The fractured morphologies after hole-expansion showed that the excellent stretch-flangeability of FBDP steels was associated with the micro-cracks propagating through in ferrite phase as well as the elongated ferrite grains along the direction perpendicular to the crack. 0.95 % Si steel had a similar high combination of tensile strength and impact toughness to 0.55 % Si steel, and especially 0.95 % Si steel exhibited an excellent combination of tensile strength and stretch-flangeability.
Introduction
Ferrite and martensite dual-phase (FMDP) steels have been the subject of interest especially to the automobile industry because of continuous yielding, low yield ratio, high uniform and total elongations, and high initial work hardening rate, compared with conventional high-strength steels. [1] [2] [3] However, they have not yet been used successfully for complex press-formed parts such as automobile chassis or wheels, partly because of softening in the heataffected zone, low stretch-flangeability, and fatigue limit. 4) Because bainite has favorable effects on stretch-flangeability and fracture toughness, 5) ferrite and bainite dual-phase (FBDP) steels are suitable for cold-formed automobile components, such as profiles, body reinforcements, wheels, and chassis parts, resulting in the weight reduction of an automobile and in the improved fuel efficiency. 6, 7) The microstructure-mechanical property correlation of low carbon FBDP steels has been discussed in the previous reports. For example, Kumar et al. 3) investigated microstructural characteristics, tensile properties, and fatigue crack growth in low carbon Nb-bearing FBDP steels with 50 to 90% bainite and found that FBDP steels with 60 to 70% bainite possessed an excellent combination of strength and ductility. Sudo et al. 4) examined low carbon FBDP steels containing Nb, Cr, or Mo, and reported that hotrolled FBDP steels showed an excellent strength-elongation combination, and corrected the weak points of FMDP steels such as softening in the heat-affected zone, low stretchflangeability, low toughness, and fatigue limit.
Cho et al. 8) studied the effects of cooling condition on the microstructure and mechanical properties of Nb-bearing hot-rolled FBDP steels possessing the tensile strength of 590 MPa. The low temperature coiling combined with a three-step controlled cooling pattern after hot rolling was effective in producing Nb-bearing high-strength steels consisting of polygonal ferrite and bainite. Podder et al. 9) studied the effect of martensite on the mechanical properties of hot-rolled FBDP steels containing 47 to 74% bainite. A small amount of martensite (2% and above) was sufficient to produce continuous yielding, high tensile strength, and adequate ductility in FBDP steels. The deformation behavior and fracture characteristics of FBDP steels during tension were also studied in our previous work, 10) showing that the voids or micro-cracks formed not only at ferrite-bainite interfaces but also within ferrite grains in the necked region, thus reducing the local stress concentration of crack tips.
Hasegawa et al. 11) reported that the stretch-flangeability of dual-phase steels was affected by the micro-crack propagation dependent on the difference in strength between soft and hard phases. As an effective solid-solution hardener, Si is expected to decrease the difference in strength of ferrite and bainite by strengthening the ferrite matrix. Recently, the role of Si in FBDP steels with high stretch-flangeability, therefore, has attracted the automotive industry's attention in view of a superior combination of strength and stretchflangeability. 6, 7, 12) We also have lately investigated the effects of Si on the transformation behaviors during continuous cooling and isothermal processes. 13, 14) In the present paper, to achieve the economic high performance FBDP steels for automobile chassis, three low carbon steels with different Si contents were subjected to the thermo-mechanical controlled process (TMCP). Especially, the effects of Si on microstructural evolution, tensile properties, impact toughness, and stretch-flangeability were systematically investigated, and the reason why FBDP steels exhibited an excellent stretch-flangeability was also analyzed. The research can provide a theoretical guidance for the alloying design of automobile chassis FBDP steels, as well as their microstructure and property controlling.
Experimental Procedures
Three steels with different Si contents were prepared as vacuum-melted 50 kg ingots followed by hot forging to produce the small plates measuring 30ϫ100ϫ100 mm 3 . They contained 0.075% C, 1.5% Mn, 0.0035% S, 0.0047% P, 0.0041% N, and 0.0017% O in mass percent. Si contents were 0, 0.55, and 0.95%, which were named as 00Si, 05Si, and 10Si steels. Carbon content was determined considering the weldability and formability of experimental steels. A relatively high amount of Mn was added to make ferrite (a) grains fine, and to prevent fine carbides from growing by lowering the eutectoid temperature (Ar 1 ).
The forged plates were austenitized at 1 150°C for 2 h, and then hot-rolled to 3.5 mm in thickness by five rolling passes, as shown in Fig. 1 . The finish rolling temperature (FRT) was kept in the range of 840 to 860°C, implying that the hot rolling was completed in the austenite (g) region. After the finish rolling, plates were water-cooled at the cooling rates of 5 to 20°C/s for approximately 9 s for sufficient carbon partition from a to g, and then rapidly cooled to the coiling temperatures of 500 to 540°C at the cooling rates of 40 to 60°C/s for about 3 s for the finely dispersed bainite, followed by slow cooling to room temperature for hot coiling simulation.
The tensile tests were performed at a constant strain rate of 1ϫ10 Ϫ3 /s at room temperature. The gauge part of tensile specimens was 12.5 mm in width, 50 mm in length, and 3.5 mm in thickness. The Charpy impact tests were performed at 20, Ϫ20, and Ϫ60°C using the V-notched specimens measuring 3.5ϫ10ϫ55 mm 3 . To evaluate the stretchflangeability of experimental steels, the hole-expansion tests were conducted on a sheet-forming testing machine (BCS-30D) at a punch rate of 6 mm · min Ϫ1 using rectangular specimens measuring 100ϫ100ϫ3.5 mm 3 with a punched hole of 10 mm in diameter. The shape and dimension of flat-faced cylindrical punch were shown in Fig. 2 and Table  1 , respectively. The test was stopped as soon as a throughthickness crack was detected. The hole-expansion ratio (l) was calculated as follows,
where d 0 is an initial punched hole diameter, and d f is a final punched hole diameter after the test.
The specimens for metallographic examination were mechanically polished and etched with 4% nital solution, and then observed using an optical microscope (OM, LEICA Q550IW, LEICA Microsystems). The mean grain size of ferrite and the volume fraction of bainite were examined using an image-analyzer (OLYMPUS M3, Olympus Optical Co., Ltd.). The morphology of fine structure was observed using a transmission electron microscope (TEM, TECNAI G220 S-Twin, Philips Company). Thin foils for TEM observations were prepared using a twin-jet electrolytic pol-
© 2011 ISIJ isher at 50 V and Ϫ30°C in a mixed solution of 8% perchloric acid and 92% alcohol. Observations of the fractured surfaces of impact and hole-expanding samples were made using a scanning electron microscope (SEM, SSX-550, Shimadzu Corporation). To confirm the presence of retained austenite, X-ray diffraction (XRD, D/max rA, Rigaku Company) patterns were measured at room temperature in the range of 40 to 120°with Cu Ka radiation. Figures 3(a)-3(c) show the optical micrographs of 00Si, 05Si and 10Si steels after TMCP, mainly consisting of proeutectoid ferrite and bainite. The X-ray diffraction patterns ( Fig. 3(d) ) indicated that both weak (110)g and (200)g peaks were detected only in 10Si steel. The volume fractions of proeutectoid ferrite were around 63, 74, and 82% and the mean grain sizes of ferrite were 10.5, 8.5, and 5.4 mm in 00Si, 05Si and 10Si steels, respectively. This suggested that Si promoted the formation of pro-eutectoid ferrite, and the grain size of proeutectoid ferrite clearly decreased by Si addition. In addition, Si also changed the ferrite morphology from irregular to equiaxed shape.
Results and Discussion

Effect of Si on Microstructural Evolution
The influence of Si on the formation of ferrite was studied by Aaronson et al. using classical nucleation theory, 15) and pointed out thermodynamic factors as the main reason for the formation of fine and uniform ferrite. According to the experimental results and literatures, 12, 14) it was considered that one main reason why Si promoted the formation of fine and equiaxed ferrite was that Si increased the nucleation rate of ferrite, which was explained that Si increased the activity of carbon in austenite by inhibiting the carbide formation and as a result, the driving force for g→a transformation increased. It was estimated that the nucleation rate of ferrite increased by 33.6 times at 730°C by addition of about 1 wt% Si.
12) The other reason is that the accumulation of residual strain in the non-recrystallized austenite of higher Si steel during hot deformation also increased the possible nucleation sites for ferrite, thus promoting the formation of fine and equiaxed pro-eutectoid ferrite.
Because it was difficult to identify other phase constituents such as martensite or retained austenite in 00Si, 05Si and 10Si steels by optical microscopy, their fine microstructures were observed using TEM, and the results are shown in Fig. 4 . Both 00Si and 05Si steels revealed typical bainitic ferrite (BF) laths and the width of BF laths was around 0.3 to 1 mm (Figs. 4(a) and 4(b) ), whereas besides bainitic ferrite laths (Fig. 4(c) ), 10Si steel had blocky martensite (M) islands with the size of around 1 to 2 mm and a high density of dislocation was observed nearby these islands (Fig. 4(d) ). The formation of M islands and retained austenite was probably because Si inhibited carbide precipitation in bainite, and decreased the solubility of carbon in ferrite, resulting in the carbon-enriched austenite.
1,16) Figure 5 shows the engineering stress-strain curves of 00Si, 05Si, and 10Si steels after TMCP. The mechanical properties of respective steels were shown in the table within the figure, indicating that both yield and tensile strengths increased by Si addition. Especially, the rate of increase in yield and tensile strengths increased with increasing Si content. As Si increased from 0 to 0.55%, yield and tensile strengths increased by 42 and 53 MPa, respectively. With further addition of Si up to 0.95%, yield and tensile strengths increased by 121 and 111 MPa, respectively. Since the yield strength in dual-phase steels was primarily dependent on the soft ferrite, the change in the yield strength with Si addition was considered to be related to the substantial solid solution strengthening of high Si, and the remarkable grain refinement of ferrite (Figs. 3(a)-3(c) ). On the other hand, the change in the tensile strength with Si addition was caused mainly due to the formation of M islands ( Fig. 4(d) ) and retained austenite ( Fig. 3(d) ) in 10Si steel. It can be also seen from Fig. 5 that the tensile strength and total elongation (TSϫE f ) balance was improved by Si addition. Figure 6 shows the changes in true stress s and strain-hardening rate ds/de as a function of true strain e in 00Si, 05Si, and 10Si steels. The ds/de value was sensitive to Si content, being substantially higher with increasing Si content. Moreover, the decreasing rate of ds/de value with e increased with decreasing Si content. According to the plastic instability condition, the strain at which s and ds/de met corresponded to the uniform elongation. Therefore, the rapid decrease in ds/de value would bring about the necking condition at an earlier strain, thus causing the deterioration in the uniform elongation.
Effect of Si on Tensile Properties
The difference in ds/de and ductility among 00Si, 05Si, and 10Si steels was believed to stem from a combination of factors. It has been reported that the addition of Si lowered stacking fault energy to make it more difficult for dislocations to cross slip in Fe-Si alloys. 17) Moreover, the increasing ds/de value by Si addition in interstitial free (IF) steels was confirmed due to the difficult formation of dislocation cell structure. 18, 19) Thus, the solute Si atom in ferrite influenced its dislocation interactions during deformation so as to increase the strain-hardening rate, and therefore, total and uniform elongations at a given strength level. According to the Ashby's strain-hardening theory, 20) the strainhardening rate in dispersion-hardened materials depends on the dispersion of hard phase particles and is proportional to a dispersion parameter ( f /d) 1/2 , where f is the volume fraction of hard phase and d is the mean diameter of the particles, which indicated that with increasing f or decreasing d, the ds/de value increased. Therefore, the changes of ds/de and ductility as a function of Si content were also associated with the volume fraction and morphology of bainite, and the formation of M islands and retained austenite. Figure 7 shows the Charpy impact toughness (a K ) values of three FBDP steels at 20, Ϫ20, and Ϫ60°C. Regardless of the impact temperature, 05Si steel had the highest a K values. The SEM fractographs of the impact specimens fractured at 20°C are illustrated in Fig. 8 . Most of the dimples in 00Si and 05Si steels were equiaxed and their size did not show a large difference, whereas the dimples in 10Si steel were much larger than those of the other two steels. The change in dimple size as function of Si content was accordant with that in the a K values. The total effect of Si on impact toughness has been known to stem from the combined action of several mechanisms. 21, 22) In this study, however, the increased impact toughness by small addition of Si up to 0.55% was considered as a result of carbon migration and grain refinement. As discussed above, Si enhanced the depletion of carbon in ferrite and the carbon enrichment into austenite in turn. This enhanced carbon partition softened the ferrite, a major phase, improving the low temperature impact toughness. The formation of fine and equiaxed ferrite (Figs. 3(a) and  3(b) ) by Si addition from 0 to 0.55% also contributed to the improved impact toughness, which was because the fine ferrite grains with more grain boundaries worked more effectively as obstacles to the cleavage crack propagation than the relatively coarse ferrite grains due to the frequent change of the crack propagation direction. 10) On the other hand, the solid solution strengthening by Si had an embrittling effect proportional to Si content. Therefore, the decreasing impact toughness by further addition of Si up to 0.95 % was most probably due to the high Si solid solution hardening effects overshadowing the carbide precipitation effects. Furthermore, high Si content was confirmed to promote the formation of blocky M islands (Fig.  4(d) ), which facilitated the propagation of cleavage cracks across the boundaries of these hard M islands because they behaved themselves like stress concentration sites, 23) thus decreasing impact toughness. Figure 9 shows the combined effects of Si on tensile strength and Charpy impact toughness (at 20°C). The average TSϫa K values in 00Si, 05Si, and 10Si steels were 98.6, 131.3, and 121.7 GPa J/cm 2 , respectively, indicating that 10Si steel exhibited a similar high combination of tensile strength and impact toughness to 05Si steel. Figure 10 shows the combined effects of Si on tensile strength and hole-expansion ratio of three FBDP steels. The average l values in 00Si, 05Si, and 10Si steels were 100.6, 116.8, and 100.5%, respectively, showing that they all exhibited excellent stretch-flangeability. Compared with 00Si and 10Si steels, 05Si steel still had the highest l values. The change in l values with Si content was similar to that in impact toughness. However, if the combination of tensile strength and stretch-flangeability was evaluated by a product of tensile strength and hole-expansion ratio, it was found that the average TSϫl values in 00Si, 05Si, and 10Si steels were 53 830, 70 050, and 71 104 MPa %, respectively, indicating that 10Si steel possessed the best combination of tensile strength and stretch-flangeability.
Effect of Si on Impact Toughness
Effect of Si on Stretch-flangeability
The difference in strength between two phases was considered as a dominant factor affecting the stretch-flangeability of dual-phase steels. 11) In view of the similar microstructure in 00Si and 05 Si steels, therefore, the tensile strength of ferrite in both steels was also predicted based on chemical composition and ferrite grain size according to the following equation, 24) ..... (2) where [Mn] and [Si] are the mass percents of Mn and Si, respectively. d is the mean grain size of ferrite in mm.
Assuming that Si and Mn contents in the ferrite of 00Si and 05Si steels were the same as their average concentrations, the calculated tensile strength of ferrite in 00Si and 05Si steels were 335.9 and 381.6 MPa, respectively, implying that the tensile strength of ferrite significantly increased with small addition of Si. On the other hand, the strength of bainite depends on both the carbon content and the size of bainitic ferrite lath in steels. 25) Figures 4(a) and 4(b) showed that the width of bainitic ferrite laths was approximately 0.6 to 1.0 mm and did not show a large difference in both 00Si and 05Si steels. As discussed above, the increment in ferrite volume fraction by Si addition probably enriched more carbon atoms into bainite. However, the difference in carbon concentration in bainite between 00Si and 05Si steels was insignificant to make a great effect on the tensile strength of bainite due to low carbon content (0.075%) in experimental steels. Therefore, the Si-hardened ferrite matrix reduced the strength difference between ferrite and bainite phases, increased the compatibility of plastic deformation between two phases, and resulted in excellent stretch-flangeability. 10, 11, 26) In order to further understand the reason why 05Si steel achieved excellent stretch-flangeability, the fractured morphologies near the macro-crack (Fig. 11(a) ) after hole-expansion were shown in Figs. 11(b)-11(d) . It has been reported that the poor stretch-flangeability in FMDP steels was mainly because the micro-crack propagated along the phase interfaces due to the large difference in strength between ferrite and martensite phases. 11) In this study, however, micro-voids were observed not only at ferrite-bainite 
